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Edited by Pascale CossartAbstract We describe importance of the characteristic segment
in ATPase domain of DnaK chaperone which is present in all
gram-negative bacteria but is absent in all gram-positive bacte-
ria. In vitro studies, ATPase activity, luciferase-refolding activ-
ity, and surface plasmon resonance analyses, demonstrated that
a segment-deletion mutant DnaKD74-96 became defective in the
cooperation with the co-chaperones DnaJ and GrpE. In addition,
in vivo complementation assay showed that expression of
DnaKD74-96 could not rescue the viability of Escherichia coli
DdnaK mutant at 43 C. Consequently, we suggest evolutionary
signiﬁcance for this DnaK ATPase domain segment in gram-neg-
ative bacteria towards the DnaK chaperone system.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Molecular chaperone DnaK, known as the heat shock pro-
tein 70 (Hsp70) in Escherichia coli, is involved in the folding
of newly synthesized proteins, refolding of denatured and
aggregated proteins, transport of proteins, and quality control
of regulatory proteins via the nucleotide-regulated binding and
release cycles [1–7]. DnaK comprises an N-terminal ATPase
domain and a C-terminal substrate-binding domain [8–11].
The ATP-bound state of DnaK shows low aﬃnity to sub-
strates; therefore, the rates of binding and release of substrates
are rapid. In contrast, the ADP-bound state of DnaK shows
high substrate aﬃnity and hence, the rates of binding and re-
lease of substrates are slow. These two states are controlled
by the co-chaperones DnaJ and GrpE. DnaJ stimulates theAbbreviations: BSA, bovine serum albumin; CD, circular dichroism;
DnaKD74-96, segment (amino acids 74–96)-deletion mutant DnaK;
DnaKD75-97, segment (amino acids 75–97)-deletion mutant DnaK;
DTT, dithiothreitol; Gdn-HCl, guanidine hydrochloride; Hsp, heat
shock protein; IPTG, isopropyl-1-thio-b-D-galactopyranoside; LB,
Luria-Bertani; PCR, polymerase chain reaction; PMSF, phenylmeth-
ylsulfonyl ﬂuoride; SDS-PAGE, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis; SPR, surface plasmon resonance
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doi:10.1016/j.febslet.2007.05.055low intrinsic ATPase activity of DnaK [12], while GrpE func-
tions as a nucleotide exchange factor that promotes ADP-dis-
sociation from the ATPase domain of DnaK [1,9,13]. In the
DnaK chaperone system, the co-chaperones DnaJ and GrpE
are essential for chaperone activity of DnaK in vivo and
in vitro [2,5,14,15].
Previous studies demonstrated that DnaK proteins of gram-
negative bacteria were functional in E. coli at heat shock tem-
perature (at 43 C) and rescued the viability of E. coli DdnaK
mutant cells [16–19]. In contrast, several DnaK proteins of
gram-positive bacteria were unable to functionally replace
the E. coli DnaK under heat shock conditions [20–23]. How-
ever, little is known about the biochemical and structural fea-
tures that determine the functional diﬀerences between gram-
negative and -positive bacterial DnaK. Our recent study
showed that a DnaK protein from the gram-positive halophilic
lactic acid bacterium, Teteragenococcus halophilus, did not
cooperate with DnaJ and GrpE in ATP hydrolysis and chem-
ically denatured luciferase-refolding reaction (Sugimoto et al.,
unpublished data). This may explain that T. halophilus DnaK
was not able to complement the function of E. coli DnaK
in vivo. Previously, a remarkable feature shared by all the
examined DnaK proteins of gram-positive bacteria has been
reported: they lack a segment of 23 amino acids in their ATP-
ase domain that is present in all the tested DnaK proteins of
gram-negative bacteria (Fig. 1) [24–27]. However, its func-
tional importance is still unexplored.
In this study, we prepared a segment-deletion mutant of
E. coli DnaK (DnaKD74-96), and its biochemical properties
were compared with those of wild-type DnaK in vitro and
in vivo. Functional and evolutional signiﬁcances of the segment
are discussed.2. Materials and methods
2.1. Bacterial strains and growth conditions
E. coli strains (Table 1) were grown as previously described [28–30].
2.2. Partial deletion of ATPase domain-encoding region of dnaK gene
The E. coli dnaK gene was polymerase chain reaction (PCR)-ampli-
ﬁed using oligonucleotide primer sets; 5 0-GAG ACG TTC ATA TGG
GTA AAA TAA TTGGTA TCG-3 0 (underline indicates the NdeI rec-
ognition site) and 5 0-ACC CTG GTT AGG ATC CGG GTG GTA
TTT-3 0 (underline indicates the BamHI recognition site), and KOD
plus DNA polymerase (Toyobo, Tsuruga, Japan). The ampliﬁed frag-
ment was digested with NdeI and BamHI, and ligated into the pET-blished by Elsevier B.V. All rights reserved.
Table 1
Strains and plasmids
Strains or plasmids Descriptiona Source/Reference
E. coli strains
JM109 recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 (lac-proAB) [F 0 traD36 proAB+ LacIq lacZ M15] Invitrogen
BL21(DE3) F  ompThsdSBðrB mB Þgal dcm ðDE3Þ Invitrogen
MC4100 F araDl39 D(argFlac)U169 rpsL150 relA1 deoCl ptsF25 rpsR ﬂbB301 Tomoyasu/34
BM271 MC4100 DdnaK52::Cmrts Wada/34
BM271 (DE3) MC4100 DdnaK52::Cmrts (DE3) This study
Plasmids
pET-14b Expression vector; Ampr Novagen
pEcoK-His E. coli dnaK cloned in pET-14b; Ampr This study
pEcoKD74-96-His E. coli dnaKD74-96 cloned in pET-14b; Ampr This study
pEcoKD75-97-His E.coli dnaKD75-97 cloned in pET-14b; Ampr This study
aAmpr, ampicillin resistance; Cmr, chloramphenicol resistance.
Fig. 1. Alignment of N-terminal region of DnaKs from gram-positive and -negative bacteria and construction of DnaKD74-96. (A) When more than
eight amino acid residues are identical, the residues are indicated by white letters on black. Similar amino acids are shown by white letters on gray.
GenBank Accession Nos. are: Acetobacter aceti DnaK (BAD14919), Bacillus subtilis DnaK (BAA12464), Brevibacillus choshinensis (BAA90473),
Enterococcus faecalis V583 (AAO81100), Escherichia coli K-12 (NP_414555), Gluconobacter oxydans (BAE46550), Lactobacillus sakei (CAA06941),
Lactococcus lactis IL1403 (AAK05052), Listeria monocytogenes (BAD07397), Nitrosomonas europaea (BAA33935), Pseudomonas putida
(AAX24095), Salmonella typhimurium LT2 (NP_459017), Staphyrococcus aureus subsp. aureus Mu50 (BAB57742), Tetragenococcus halophilus
JCM5888 (BAB63290), Vibrio harveyi (AAT39536). (B) The domain structures and position of the deleted segment are given. The gene encoding the
segment (amino acids 74–96) was deleted by inverse PCR method as described in Section 2.
2994 S. Sugimoto et al. / FEBS Letters 581 (2007) 2993–299914b vector (Novagen, Madison, WI, USA) cleaved with NdeI and
BamHI to generate pEcoK-His (Table 1).
To construct the deletion mutant dnaKD74-96 gene (Fig. 1B), inverse
PCR was performed using pEcoK-His as a template, an oligonucleo-
tide primer set; 5 0-AAC GGC GAC GCA TGG GTC GAA GTT
AA-3 0 and 5 0-ACC AAT CAG GCG TTT AAT CGC AAA CAG
AGT GTT TTG-3 0, and Phusion high-ﬁdelity DNA polymerase(Finnzyme, Espoo, Finland). The ampliﬁed fragment was 5 0-phosphor-
ylated using T4 polynucleotide kinase (Toyobo), and ligated using a
ligation high kit (Toyobo). The resultant plasmid was named pE-
coKD74-96-His (Table 1). pEcoKD75-97 (Table 1) was also con-
structed by the same procedure with a primer set; 5 0-GGC GAC
GCA TGG GTC GAA GTT AA-3 0 and 5 0-GCG ACC AAT CAG
GCG TTT AAT CGC AAA CAG AGT GTT TTG-3 0.
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Two plasmids, pEcoK-His and pEcoKD74-96-His, were trans-
formed into E. coli BL21 (DE3), respectively. Overexpression of the re-
combinant protein was performed as previously described [28]. Since
(His)6-tag was incorporated in the N-terminal of the protein of each
gene product, the proteins were puriﬁed with nickel aﬃnity chromatog-
raphy [28,29]. In order to remove impurities, gel ﬁltration chromatog-
raphy was also conducted [30]. Protein concentrations were determined
as previously described [28–31]. Molar concentrations for all the pro-
teins given in the text refer to the respective monomers.2.4. Circular dichroism (CD) measurement
CD spectra of proteins were measured by a protocol of Tosukho-
wong et al. [32].
2.5. ATPase activity assay
The reaction mixture (100 ll) contained 50 mM Tris–HCl (pH 7.4),
20 mM MgCl2, 100 mM KCl, 1 mM dithiothreitol (DTT), 0.1 mM
ATP, and the indicated chaperone protein sets (0.5 lM DnaK or
DnaKD74-96, 0.5 lM DnaJ, and 0.5 lM GrpE). After incubation at
25 C for 60 min, the released inorganic phosphate by ATP hydrolysis
was quantiﬁed by a malachite green method [32,33].2.6. Refolding activity assay
Fireﬂy luciferase (14.9 mg/ml, Promega, Madison, WI, USA) was
denatured by diluting it into denaturation buﬀer (20 mM HEPES,
pH 7.4, 120 mM potassium acetate, 6 M guanidine hydrochloride
(Gdn-HCl)) to the ﬁnal concentration of 10 lM, and this solution
was incubated at 30 C for 60 min. In the presence or absence of the
indicated sets of chaperone proteins, denatured luciferase (1 nM) was
refolded in the refolding solution containing 28 mM HEPES (pH
7.4), 120 mM potassium acetate, 1.2 mM magnesium acetate, 2 mM
DTT, 8.8 mM creatine phosphate, 7 units/ml creatine phosphokinase,
15 lM bovine serum albumin (BSA), and 1 mM ATP. After refolding
reaction at 30 C for 60 min, luciferase activity was measured using the
luciferase assay system (Promega) and lumitestor C-100 (Kikkoman,
Noda, Japan).0
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1 )2.7. Surface plasmon resonance (SPR) analysis
SPR analyses of DnaK binding to DnaJ and GrpE were performed
by using a BIAcore J apparatus (BIAcore AB, Uppsala, Sweden) at
25 C in HKM-P buﬀer containing 25 mM HEPES (pH 7.4), 50 mM
KCl, 10 mM MgCl2, and 0.005% Surfactant P-20 at a medium ﬂow
rate according to standard protocols provided by the manufacturer.
Twenty ﬁve hundred response units of C-terminal (His)6-tag fused
DnaJ or 500 response units of N-terminal (His)6-tag fused GrpE were
immobilized onto a research grade CM5 chip, which contained 6500
response units of anti-(His)6-tag antibody (Qiagen, West Sussex, Uni-
ted Kingdom), coupled via N-ethyl-N 0-(dimethylaminopropyl) carbo-
diimide N-hydroxy-succinimide crosslinking according to the
manufacturer’s protocol. DnaK proteins at the indicated concentra-
tions in HBS-P buﬀer were injected for 2 min. In the case of the inter-
action with DnaJ, DnaK proteins were pre-incubated in the presence
of 100 lM ATP at 25 C for 10 min before injection.-20000
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ity2.8. Quaternary structural analysis
Quaternary structures of DnaK proteins were analyzed by 7% na-
tive-PAGE and chemical cross-linking with glutaraldehyde [30].
Twenty micrograms and seven micrograms of DnaK proteins were
used for native-PAGE and cross-linking, respectively.190 200 210 220 230 240 250
Wavelength (nm)
Fig. 2. CD spectra of wild-type DnaK and DnaKD74-97. CD spectra
of wild-type DnaK (closed circles) and DnaKD74-96 (open circles) in
50 mM Tris–HCl buﬀer (pH 7.4) containing 100 mM KCl and 20 mM
MgCl2 were measured at room temperature. Four spectra were
accumulated and buﬀer-corrected. The negative values at 208 and
222 nm of DnaKD74-96 were slightly smaller than those of wild-type.
This may be due to the deletion of the a-helix-forming segment (74–96
amino acids).2.9. Complementation assay
Thermosensitive E. coli BM271 DdnaK mutant [34] was infected by
kDE3 in order to express target genes under the control of T7 pro-
moter using a kDE3 Lysogenization Kit (Novagen). The resulting lyso-
gen was termed BM271 DdnaK (DE3) and was transformed with
plasmids pEcoK-His, pEcoKD74-96-His, pEcoD75-97, or pET-14b.
Thermosensitivities of the transformants were examined by spot test
[16–23]. Expression level of each DnaK protein was conﬁrmed by
immunoblotting using an anti-(His)6-tag antibody (Qiagen) and an
ECL detection kit (GE Healthcare, Uppsala, Sweden).3. Results and discussion
3.1. Puriﬁcation and CD spectrum of DnaKD74-96
Wild-type and mutant DnaK proteins were puriﬁed to
apparent homogeneity from E. coli cell free extracts by nickel
aﬃnity chromatography and gel ﬁltration chromatography
(data not shown). CD spectrum of puriﬁed DnaKD74-96 was
slightly diﬀerent from that of wild-type DnaK (Fig. 2). The
negative values at 208 and 222 nm of DnaKD74-96 were smal-
ler than those of wild-type. This should be due to the deletion
of the segment which forms a-helix [9].
3.2. Non-cooperative function of DnaKD74-96 with DnaJ and
GrpE
Previous report demonstrated that chaperone function of
DnaK is based on the substrate-binding and -release cycles
which are tightly regulated by nucleotides and co-chaperones
DnaJ and GrpE [1–5]. In the DnaK ATPase cycle, ATP hydro-
lysis step and nucleotide exchange step may be rate limiting
processes, and the roles of DnaJ and GrpE in the cycle seem
to be diﬀerent. According to the previous study [2], the action
of the DnaJ and GrpE proteins seems to be sequential. The
presence of DnaJ alone leads to an acceleration in the rate
of hydrolysis of the DnaK-bound ATP, while the presence of
GrpE alone increases the rate of release of bound ADP with-
out aﬀecting the rate of hydrolysis. In both cases, apparent
ATP hydrolysis reaction rates are stimulated compared to that
in the absence of the co-chaperones. In the simultaneous pres-
ence of the DnaJ and GrpE, the ATPase activity of DnaK can
be greatly stimulated, since both rate limiting processes disap-
pear. Thus, the cooperation with the co-chaperones is crucial
for DnaK chaperone function and should be explored for
DnaKD74-96.
Firstly, ATPase activities of wild-type DnaK and DnaKD74-
96 and their stimulation by co-chaperones DnaJ and GrpE
were compared (Table 2). In the absence of co-chaperones,
the reaction rate of wild-type DnaK was 0.03 ± 0.01 min1,
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Fig. 3. SPR analysis for the interaction of DnaK with DnaJ and
GrpE. (A) The SPR sensorgrams denote the binding of 0.5 lM wild-
type DnaK (closed circles), 1 lM wild-type DnaK (open circles), 2 lM
wild-type DnaK (closed triangles), and 10 lM DnaKD74-96 (open
triangles) to the immobilized C-terminal (His)6-tag fused DnaJ. To
remove the DnaK proteins bound to DnaJ, 1 M urea was injected. (B)
The SPR sensorgrams show the binding of 10 nM wild-type DnaK
(closed circles), 20 nM wild-type DnaK (open circles), 50 nM wild-type
DnaK (closed triangles), 100 nM wild-type DnaK (open triangles), and
100 nM DnaKD74-96 (closed squares) to the immobilized N-terminal
(His)6-tag fused GrpE. To remove the DnaK proteins bound to GrpE,
1 mM ATP was injected. RU, response unit. SPR spectroscopy was
done at least twice for each experiment. Wild-type DnaK interacted
strongly with both DnaJ and GrpE, whereas DnaKD74-96 did not.
Table 2
Stimulation of DnaK ATPase activity by DnaJ and GrpE
Chaperonesa Relative activity (%)b
Wild-type DnaK 100c
+ DnaJ 682 ± 21
+ GrpE 218 ± 15
+ DnaJ + GrpE 1216 ± 23
DnaKD74-96 100d
+ DnaJ 110 ± 7
+ GrpE 100 ± 5
+ DnaJ + GrpE 105 ± 6
aEach protein concentration was 0.5 lM as a monomer.
bAll values were calculated as a percentage of the DnaK ATPase
activity to the activity without co-chaperones. The enzymatic activity
was calculated as pmol inorganic phosphate pmol DnaK1 min1. All
tests were repeated at least three times, and mean values and S.D.s were
calculated.
cReaction rate for DnaK was 0.03 ± 0.01 min1.
dReaction rate for DnaKD74-96 was 0.05 ± 0.01 min1.
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ATPase activity of DnaKD74-96 (0.05 ± 0.01 min1) was high-
er than that of wild-type DnaK for unknown reasons. The
presence of DnaJ alone and GrpE alone led to a more than
6-fold and 2-fold stimulation of the wild-type DnaK ATPase
activity, respectively. Furthermore, the simultaneous presence
of the DnaJ and GrpE resulted in a great stimulation of the
activity (more than 12-fold). In contrast, supplementation of
the co-chaperones did not work on the ATPase activity of
DnaKD74-96 (Table 2).
Secondly, to further address the chaperone activity in vitro,
the ATP-dependent luciferase-refolding activity was also com-
pared between wild-type DnaK and DnaKD74-96. As shown
in Table 3, spontaneous luciferase refolding was very low,
and DnaKD74-96 did not assist in the refolding of the dena-
tured luciferase, whether alone or in the presence of DnaJ
and GrpE. On the other hand, wild-type DnaK, in combina-
tion with DnaJ and GrpE, could refold the denatured lucifer-
ase to a form that had 40% of its native activity. These results
were consistent with those of ATPase activity assay (Table 2).
Since the segment (amino acids 74–96) in the ATPase do-
main of DnaK is close to the DnaJ binding sites [6,12,36], it
is highly likely that the deletion of this region leads to the loss
of aﬃnity of the deletion mutant DnaK to DnaJ. In fact,
DnaKD74-96 did not interact with DnaJ immobilized on the
sensor chip unlike wild-type DnaK as demonstrated by SPR
analysis (Fig. 3A). However, GrpE did not stimulate the ATP-
ase activity of DnaKD74-96 (Table 2), even though the seg-Table 3
Luciferase-refolding activity of DnaK system
Chaperonesa Refolding activity (%)b
(Spontaneous) 1.13
Wild-type DnaK 2.24
+ DnaJ + GrpE 40.2
DnaKD74-96 0.85
+ DnaJ + GrpE 2.12
aProtein concentrations were 5 lM (DnaK), 1 lM (DnaJ), and 1 lM
(GrpE), respectively as monomers.
bAll values indicate the luciferase activity after the refolding reaction at
30 C for 60 min. The activity of native luciferase before denaturation
with 6 M Gdn-HCl was deﬁned as 100%.ment locates on the opposite face to the GrpE-binding sites
[8,9]. We then examined the ability of DnaKD74-96 to physi-
cally associate with GrpE by SPR analysis. Wild-type DnaK
associated with GrpE immobilized on the sensor chip in a
dose-dependent manner (Fig. 3B), and the addition of ATP in-
duced the dissociation of DnaK-GrpE complex (data not
shown). In contrast, DnaKD74-96 had no apparent aﬃnity
for the immobilized GrpE (Fig. 3B). Consequently, these
SPR analyses clearly showed the importance of the segment
(74–96 amino acids) for the intermolecular interactions be-
tween DnaK and the co-chaperones.
3.3. Quaternary structural diﬀerences between wild-type DnaK
and DnaKD74-96
ATPase activity, luciferase-refolding activity, and SPR anal-
yses demonstrated that DnaKD74-96 did not cooperate with
the co-chaperones DnaJ and GrpE. There are two possible
explanations for the functional and/or physical non-coopera-
tion of DnaKD74-96 with DnaJ and GrpE. One is that the seg-
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Fig. 4. Diﬀerences in quaternary structures between wild-type DnaK
and DnaKD74-96. Quaternary structures of DnaK proteins were
analyzed by native-PAGE (A) and chemical cross-linking (B). As
shown in both data, wild-type DnaK existed as mainly monomers,
whereas DnaKD74-96 was dimmers or large complexes.
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ment is very close to the DnaJ binding sites and seems to di-
rectly interact with DnaJ. The other is that the change in
quaternary structure of DnaK aﬀects the interaction with
GrpE as previously demonstrated [13]. In order to access latter
possibility, quaternary structure of DnaKD74-96 protein was
compared with that of wild-type by native-PAGE and chemi-
cal cross-linking. As shown in Fig. 4A, strong intensity of
wild-type DnaK was detected at the position corresponding
to monomer, although smear was also shown at the position
of high molecular mass. In contrast, dominant intensities of
DnaKD74-97 were detected at the position of dimmer and
large complex. Furthermore, the results of chemical cross-link-
ing analysis clearly revealed that wild-type DnaK formed
monomers, while DnaKD74-97 formed dimmers and large
complexes (Fig. 4B). In the case of chemical cross-linking,
large complexes for wild-type DnaK which were slightly de-
tected by native-PAGE were no longer detected. The diﬀerence
might be due to the methodological diﬀerence. In either case,
these results showed that wild-type DnaK existed as mono-
mers, whereas the majority of DnaKD74-96 existed as dimersΔ dnaK
+wild-type dnaK
+dnaKΔ74-96
+dnaKΔ75-97
100 10-1  10-2 10-3 10-4
30 oC
Fig. 5. Complementation of E. colimutation by wild-type dnaK, dnaKD74-96
at 30 C and 43 C. From left to right are spots of serial dilutions from 100 to
PAGE. Subsequently DnaK proteins were detected by immunoblotting w
DnaKD74-96 and DnaKD75-97, could rescue the viability of an E. coli Ddnaand large complexes. Taking into consideration that oligomer-
ization of DnaK reduced eﬃciency of GrpE binding [13], it is
likely that the binding sites to GrpE are hidden within the
DnaKD74-96 dimers and large complexes, and consequently
their accessibilities are limited.
3.4. Complementation test of E. coli DdnaK mutation by the
cloned dnaKD74-96 gene
In order to know whether DnaKD74-96 can function in vivo
similar to wild-type DnaK or not, we performed the comple-
mentation assay using E. coli dnaK deletion mutant. As shown
in Fig. 5, the BM271 (DE3) DdnaK strain did not grow at
43 C, and the expression of wild-type DnaK rescued the
growth of the host cells. It should be noted that leaky expres-
sion of wild-type dnaK gene from T7 promoter was suﬃcient to
complement the dnaK gene mutation; therefore, the medium
was not supplemented with an inducer isopropyl-1-thio-b-D-
galactopyranoside. In contrast, DnaKD74-96 expressing cells
could not grow at 43 C, suggesting the inability of
DnaKD74-96 to complement the in vivo function of wild-type
DnaK. Expression levels of the DnaK proteins were conﬁrmed
by immunoblotting using an anti-(His)6-tag antibody. There
was no signiﬁcant diﬀerence in the expression levels between
wild-type DnaK and DnaKD74-96 (Fig. 5). This observation
eliminated the possibility that the diﬀerence in the eﬀects of
wild-type DnaK and DnaKD74-96 on the growth of host cells
was due to their expression levels. In addition, the other mu-
tant DnaKD75-97 was also constructed and its function was
examined in vivo. It was not able to complement the in vivo
function of wild-type DnaK at 43 C as in the case of
DnaKD74-96 (Fig. 5). Although the importance of entire
structure of the segment was clearly shown, further mutational
studies are required to characterize the important residues and
structures in this segment.
In summary, we constructed a segment-deleted mutant
(DnaKD74-96) of E. coli DnaK and explored the role of the
segment in the ATPase domain which is present in gram-neg-
ative bacteria but is absent in gram-positive bacteria [24–27] by
the in vitro and in vivo experiments. According to Gupta and
coworkers [25,26], the segment found in the ATPase domain
of many Hsp70 homologs is an evolutional marker distinguish-
ing gram-negative bacteria and eukaryote from gram-positive
bacteria and archaea. This evolutional landmark could result43 oC
100 10-1  10-2 10-3 10-4
Anti-(His)6-tag
genes, and dnaKD75-97 genes. The indicated transformants were grown
104 of the cell suspensions. Cell extracts were subjected to 12% SDS-
ith anti-(His)6-tag antibody (right panel). Wild-type DnaK, but not
K mutant at 43 C.
2998 S. Sugimoto et al. / FEBS Letters 581 (2007) 2993–2999either from a deletion in the common ancestor of all gram-po-
sitive bacteria or from an insertion in the common ancestor of
all gram-negative bacteria. Our observations presented in this
study suggest that the eﬃcient DnaK chaperone systems, in
which DnaK cooperates with DnaJ and GrpE in ATP-depen-
dent protein folding, might be generated by the presence of the
segment in the ATPase domain of DnaK.
On the basis of our results, we conclude that the segment
presented in all gram-negative bacterial and eukaryotic Hsp70s
plays a crucial role in the cooperative function with the co-
chaperones. This ﬁnding would suggest evolutionary signiﬁ-
cance towards DnaK chaperone system.
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